Abstract. Negative relationships between species richness and the rate of compositional turnover are common, suggesting that diverse communities have greater stability than depauperate ones; however, the mechanistic basis for this pattern is still widely debated. Species richness and turnover can covary either because they are mechanistically linked or because they share common environmental drivers. Few empirical studies have combined long-term changes in community composition with multiple drivers of environmental change, and so little is known about how the underlying mechanisms of species coexistence interact with changes in the mean and variability of environmental conditions. Here, we use a 33 year long time series of phytoplankton community composition from Lake Zurich, to examine how environmental variation influences the relationship between richness and annual turnover. We find that the relationship between richness and annual turnover reverses midway through the time series (1992)(1993), leading to a hump-shaped relationship between species richness and annual turnover. Using structural equation modeling we show that annual turnover and diversity are independently associated with different drivers of environmental change. Furthermore, we find that the observed annual sequences of community assembly give rise to rates of species accumulation that are more heterogeneous through time than expected by chance, likely owing to a high proportion of species showing significant autocorrelation and to strong positive covariation in the occurrences of species.
INTRODUCTION
A major goal of ecology is to understand what factors determine the spatial and temporal distribution of the number of species (Preston 1960 , Rosenzweig 1995 , Ricklefs and Jenkins 2011 . Pioneering research on the biogeographic variation of species richness, for example, studies of biodiversity on islands (Losos and Ricklefs 2010) and along broad environmental gradients (MacArthur 1972 , Ricklefs 1987 , have revealed that the spatial structure of biodiversity results from the interaction between niche variation among species and the dynamics of colonization, speciation, and extinction (Hubbell 2001 , Chase and Leibold 2003 , Losos and Ricklefs 2010 , Chase and Myers 2011 . Positive relationships between sampling effort (e.g., area or time) and the number of species are common in ecological research, and emerge partly because of species interactions in a heterogeneous environment (Scheiner et al. 2011) . Although positive species-area relationships are well-studied, comparatively little effort has been directed toward quantifying and explaining systematic variation in the rate of species accumulation through time (Preston 1960 , White et al. 2010 , Scheiner et al. 2011 . Species-time relationships are important for understanding spatial patterns of diversity in contemporary communities Lauenroth 2003, Adler et al. 2005) , and for predicting community responses to environmental change (Gonzalez and Loreau 2009 , Shurin et al. 2010 , Scheiner et al. 2011 .
The study of species-time relationships is embedded in the broader theories of community assembly (Law and Morton 1996 , Fukami 2004 , Chase and Myers 2011 , compensatory dynamics (Vasseur et al. 2005, Gonzalez and Loreau 2009) , and species co-existence (Chesson 2000, Mayfield and Levine 2010) . In such research, a common underlying question is: how does the rate of species turnover change with species richness? There are two types of explanations for why the rate of species turnover and richness may covary. First, richness may directly influence turnover rates if niche differences among species can interact with rates of colonization and extinction at local or regional scales (Shurin 2007) . High levels of local diversity, for example, can limit colonization success of invaders (Shurin 2000 , Fargione et al. 2003 , lead to a greater prevalence of cyclic community assembly (Fukami 2004, Steiner and Leibold 2004) , and increase the likelihood of alternative stable states (Chase 2003) . Whereas, in the neutral case, namely ecological drift with a constant speciation rate and size of regional species pool, the rate of local species 1 E-mail: blake.matthews@eawag.ch turnover depends primarily on global migration rates and local rates of births and deaths (Hubbell 2001) . Second, species turnover may change with richness in relation to how environmental variability influences species coexistence through time (Vasseur et al. 2005) .
Coexistence depends on the distribution of both fitness differences (e.g., variation in competitive ability) and niche differences (e.g., species-specific resource preferences) among species in a community (Chesson 2000) . Provided there is variation in resource use and competitive ability among species, environmental variability can increase or decrease species turnover either by affecting the size of the regional species pool or by shaping the distribution and co-variance of environmental tolerances among species (Vasseur et al. 2005 , Kraft et al. 2007 , Shurin 2007 . Constructing species-time relationships (STRs) by fitting power functions of the form (S ¼ aT z ) is a useful way to quantify variation in the rate of community change through time. Variation in the shape of STRs (Fig. 1) can be used to test how the rate of species turnover (z) varies with total species richness (i.e., gamma richness, S gamma ), and average alpha richness (S alpha , for which a is an index). In the simplest case, turnover and gamma richness might change independently from one another, such that when richness increases turnover rates remain constant (Fig. 1A) or when turnover increases species richness remains con- stant (Fig. 1B) . Alternatively, species richness and turnover rate can be either positively (Fig. 1C) or negatively (Fig. 1D ) related. A recent meta-analysis of STRs across a broad range of taxa found that turnover rate often declines with increasing species richness, implying that diverse communities are more stable through time (White et al. 2006) . Similarly, Shurin and colleagues found a hump-shaped relationship between species richness and turnover in zooplankton communities . In order to achieve a comparable level of understanding of temporal vs. spatial biodiversity patterns, we need many more studies that examine turnover along broad diversity gradients and over long enough time scales to capture the range of environmental variation relevant for understanding species coexistence (Magurran et al. 2010) .
To investigate how species turnover changes in relation to species richness through time ( Fig. 1) we analyzed a long-term data set (monthly samples from 1976 to 2008) of environmental variation and phytoplankton community composition from Lake Zurich. For each year of the time series, we calculated an STR and examined (1) how the shape of the STR changed through time in relation to variation in the environment and (2) how model fits to the STR differed between observed and randomized assembly sequences on an annual basis.
Variation in the shape of annual STRs could be influenced by several long-term environmental changes in Lake Zurich associated with climate warming and reoligotrophication (Pomati et al. 2011 ). More generally, there is growing evidence that changes in the mean and variability of environmental conditions can drive changes in species turnover (Jeziorski et al. 2008 , Shurin et al. 2010 , by affecting, for example, the seasonal phenology of species (Yang and Rudolf 2010) or the size of the regional pool (Shurin 2007) . To investigate this, we used structural equation modeling to examine associations between environmental variability, richness, and annual turnover over 33 years in Lake Zurich.
Comparing STRs from observed vs. randomized assembly sequences can help identify the presence of nonrandom temporal structure and determine its influence on the shape of STRs. This approach is analogous to examining how various ecological processes can alter the scale invariance of species-area relationships (McGlinn and Palmer 2011) . Nonrandom patterns are also useful for discriminating between niche-vs. neutralbased community assembly (Hubbell 2001, Chase and Myers 2011) and for elucidating the mechanisms underlying the stability of ecosystem functions in diverse communities (Allan et al. 2011) . Here, we investigate how the nonrandom structure of community assembly sequences and parameters of the STRs are related to the amount of autocorrelation of species occurrences through time, and the level of interspecific temporal aggregation.
METHODS
Study system and data set structure.-Lake Zurich (47813 0 21.7524 00 N, 8845 0 6.7926 00 E) is a large (surface area 65 km 2 ) and deep (maximum depth 136 m) mestotrophic lake in Switzerland. The phytoplankton community and environmental conditions have been monitored for decades by the Zurich Water Supply (WVZ) at monthly sampling intervals and from multiple depths (N ¼ 14 depths, 0-135 m). We examined changes in phytoplankton community composition using species presence-absence matrices for every sampling date, aggregated over all sampling depths. For each sampling date, we also calculated depth-averaged annual changes in the mean and coefficient of variation (CV) of the following environmental conditions: water temperature (T ), phosphate concentration (P), nitrate concentration (N ), conductivity (C ), pH, and an index of light attenuation (L) in the water column (UV attenuation at 254 nm). Details of the phytoplankton sampling and environmental variables are described in detail elsewhere (Pomati et al. 2011) . Here, we aggregated the data over the water column in order to obtain comparable time series of annual turnover, richness, and environmental conditions on an annual scale.
Quantifying species-time relationships.-For each year of the data set (12 monthly samples) we fit a species-time relationship (STR) using a power function of the form S ¼ aT z and used nonlinear regression to estimate a, which is a proxy for the average monthly richness over the year (i.e., S alpha ), and z, which is an index of the rate of species turnover on an annual basis (White et al. 2006 ). We built the STRs for each year as follows. First, we calculated the number of species for all sequential combinations of 1-12 sampling dates over the year. For example, we calculated the number of species for all of the adjacent sampling intervals of one month, two months, three months, and up to 12 months. We then averaged the species richness for each of these intervals prior to fitting the power function. This approach removes some of the influence of seasonality on the calculated rates of species turnover, because it is based on the number rather than the specific timing of sampling dates, but it still retains information about the specific monthly sequence of community assembly, making it informative to compare with randomized assembly sequences.
The relationship between richness and annual turnover can be strongly influenced by the seasonality of plankton dynamics and environmental conditions , and so we additionally quantified interannual STRs by using variation in species richness for each month over the entire 33 years. While this approach independently tests for a relationship between richness and turnover, it does so over a narrower range of both environmental conditions and richness, and leads to a reduced number of sampling points (i.e., 12 months). As a result, we did not analyze the structure of the associations between interannual turnover, richness, and environmental variability, as we do for annual turnover.
We used linear, segmented, and quadratic regression to characterize relationships between species richness, annual STR parameters (z and a), and the sampling year. To begin, we fit a simple linear regression model and used a Davies test (Davies 1987) to test for a nonconstant slope (e.g., a breakpoint) in the linear model. Then, if we detected a significant breakpoint we additionally fit a segmented regression (using the R package segmented) and a quadratic least square regression (e.g., z ¼ b 1 þ b 2 3 S gamma þ b 3 3 S 2 gamma ) to the data, and selected the best model using the Akaike information criterion (AIC). All analyses were done with R version 2.13 (R Development Core Team 2011).
Structure of the associations between richness, annual turnover, and environmental variation.-We used structural equation modeling (SEM) to test specific hypotheses about the relationships between annual species richness (i.e., gamma richness), annual turnover, and environmental variation. SEM is a robust multivariate technique that is useful for testing alternate models that represent networks of association between parameters (Shipley 2002) . The resulting coefficients are analogous to partial regression or correlation coefficients, and indicate how a hypothesized response variable (at the tip of an arrow) will change in response to an independent variable (at the base of an arrow). Here, we used SEM to test whether metrics of environmental variation (EV) are either directly associated with annual turnover, or whether they are indirectly associated with annual turnover via their influence on species richness. To do this, we built structural equation models based on the following three hypotheses: (H 1 ) EV metrics have only indirect pathways leading to annual turnover through species richness, (H 2 ) EV metrics have only direct pathways leading to annual turnover and are independent of richness, and (H 3 ) all EV metrics have both direct pathways to annual turnover and indirect pathways leading through species richness. We additionally analyzed these models with sampling year as a latent variable, in order to partially account for several unmeasured and autocorrelated characteristics of the system, such as temporal changes in the spatial distribution of environmental conditions, in the rates of migration among sites, or in the size and composition of the regional species pool.
For all SEM models, we started with a model that included all covariances among the mean environmental conditions (N ¼ 6) and among the environmental fluctuations (N ¼ 6), and a complete set of regression coefficients linking the environmental parameters (N ¼ 12) and annual turnover and richness. We then trimmed each model by removing nonsignificant coefficients (P , 0.01) until we had a model where all pathways ending in annual turnover had significant coefficients. All SEM analyses were performed using R (version 2.13) with the sem package (Fox 2002) .
Comparing observed to random assembly sequences.-The shape of species time relationships at a local site often reflects a truly nonrandom occurrence of different species assemblages through time (Rosenzweig 1995 , 1998 , Adler and Lauenroth 2003 , Adler et al. 2005 , White et al. 2006 . To investigate this further, we compared the observed species time relationship (STR) with expected distributions for each month interval in the STR based on two separate null model randomizations. First, we randomly shuffled the sampling dates within each year and calculated STRs for each iteration. This randomization keeps the total occurrences of all species constant and preserves interspecific associations, but it makes each sampled community equally likely to occur across all months within a year. Second, we used the null model algorithm SIM 8 from Gotelli (2000) , where the probability of occurrence of a given species in some month is conditional on both the observed monthly species richness and the total number of occurrences of the species across all months. This algorithm is suitable for biological situations where months (or sites) differ in their suitability and species differ in their probability of occurrence in a given year.
Nonrandom structure in the temporal distribution of species can have significant impacts on the shape of species-time relationships (White and Gilchrist 2007) . The frequency of autocorrelation of individual species in the community and the amount of interspecific aggregation at different time periods in the year are particularly relevant for understanding the shape of STRs. To quantify the level of autocorrelation in the community, we measured autocorrelation at lags of 1-12 months for each species (that occurred multiple times), and then randomized the order of occurrences over the entire time series for each species to generate a null distribution, which we then used to test for significant temporal autocorrelation, following White and Gilchrist (2007) . To quantify patterns of interspecific aggregation through time, we used the V-ratio (Gotelli 2000) , which, for our application, is the ratio of the variance in species richness across all 12 months of the year relative to the total sum of the variance in species occurrences patterns over the year. We used the SIM 8 algorithm to test for significant Vratios against a null distribution. Unexpectedly high Vratios result from positive covariances among species indicating temporal aggregation of species over the year, whereas unexpectedly low V-ratios result from negative covariances among species, which might reflect niche partitioning or antagonistic species interactions (Gotelli 2000) . If all months have a similar number of species then both annual turnover (z) and the V-ratio will be low. We might expect a relationship between annual turnover and the V-ratio if the variation in z is driven by changes in the pattern of positive or negative species covariances over the time series.
RESULTS

Temporal change in STR parameter
Annual patterns.-Both annual gamma richness (S gamma ) and average annual alpha richness (S alpha ) increased from 1976 to 2008, and in both cases we detected a significant breakpoint in 1993 (Fig. 2, Table  1 ). However, the proportional increase in the slope before b 1 and after b 2 , the breakpoint, was greater for S alpha (b 2 /b 1 ¼ 2.6) than for S gamma (b 2 /b 1 ¼ 1.6), suggesting that the annual partitioning of diversity changed through time. The timing of the breakpoint coincided with a clear decline in annual turnover (z) through time (Fig. 2C) . Overall, the relationship between richness (both S gamma and S alpha ) and annual turnover (Fig. 3) was hump shaped, and, in qualitative terms, it switched from being positive (as in Fig. 2C ) to negative (as in Fig. 2D ) over a broad gradient of species richness.
Interannual patterns.-Interannual turnover (z inter ) was strongly negatively related to average monthly richness (z inter ¼ 0.53 À 0.003S alpha ; P , 0.001, F 1,10 ¼ 101.7; Appendix A). The lowest values of z inter (and highest richness levels) occurred during the strongly thermally stratified period of July to October, whereas the highest values of z inter (and low richness levels) tended to occur in the winter months from January to March (Appendix A).
Structure of the associations between richness, annual turnover, and environmental variation
The structural equation modeling, without sampling year in the analysis, revealed that several environmental conditions are associated with the relationship between species richness and annual turnover, including average concentrations of N and P (N avg , P avg ), average index of light attenuation (L avg ), and the coefficient of variation of conductivity (C CV ; Fig. 4B ). The best supported model included both direct and indirect pathways linking environmental conditions and annual turnover ( Fig. 4B; H 3 ) , suggesting that environmental drivers can independently affect richness and annual turnover. Although the rate of annual turnover was negatively associated with richness, annual turnover was also positively associated with two metrics of environmental variation (N avg and C CV ) that were not strongly associated with richness ( Fig.  4B: H 3 ) . Adding sampling year to the structural equation modeling revealed similar patterns. As before, annual turnover was correlated with richness and the best supported SEM models (H 2 and H 3 ) included an environmental metric (N avg ) that was associated with annual turnover but not richness (Fig. 4C) . Overall, these results suggest that annual turnover is not only driven by richness (or factors driving richness), but is also associated with other environmental drivers that are unrelated to richness.
Comparison of observed to random assembly sequences
The observed species-time relationship in each year was clearly a result of nonrandom patterns of species occurrence. Regardless of the null model we used, we found strong deviations between the observed and expected STRs. Using the simpler null model algorithm that shuffled months randomly within each year, we often found lower richness than expected at the lower month intervals, and occasionally found higher richness than expected at the higher month intervals (Fig. 5) . This same pattern was accentuated when using a null model algorithm (SIM 8) where species' occurrences in a given month were dependent on both the total richness and species-specific occurrence frequencies across the year (Appendix B).
In nearly all of the years, this nonrandom structure of species' occurrences also led to higher than expected rates of annual turnover (black dots in Fig. 3 ). Such faster rates of annual turnover are not particularly surprising and likely reflect both autocorrelation of species occurrences through time and interspecific temporal aggregation within years. Indeed, more than 85% of the species that were present within each year also exhibited significant autocorrelation over the entire time-series. In addition, we found a significant negative relationship between annual turnover and the proportion of species showing significant auto-correlation (Appendix C; Pearson's r ¼ À0.45, P ¼ 0.01).
The level of interspecific aggregation within each year, measured as the V-ratio, was almost always significantly higher than expected (based on the SIM 8 null model) across the entire time series (Appendix D). Such high V-ratios indicate that species tend to co-occur together in similar months more often then you would expect by chance. However, the relative amount of aggregation, measured as the difference between the observed and expected V-ratio, was uncorrelated with annual turnover (Pearson's r ¼À0.001), suggesting that while interspecific aggregation is present, its variation is not strongly associated with variation in annual turnover through time.
DISCUSSION
The negative relationships observed between annual turnover and richness at high levels of richness (Fig. 3) and between interannual turnover and average monthly richness (Appendix A) are both consistent with the growing consensus that diverse communities exhibit less variability in aggregate community properties, such as total biomass and relative species abundances (Hooper et al. 2005 , Ives and Carpenter 2007 , Jiang and Pu 2009 ). However, there are comparatively few studies that provide good evidence that diversity is an important driver of compositional stability over long-enough time scales to reasonably test alternate theories of coexistence (Agrawal et al. 2007, Levine and HilleRisLambers 2009) , and even fewer studies that consider how longterm changes in the environment affect the relationship between diversity and turnover. An important conclusion from our study is that richness and turnover are associated with different environmental drivers (Fig. 4) , meaning that even if species richness and turnover are mechanistically linked the strength of the association will depend on the environmental context.
The relationship between phytoplankton species richness and annual turnover in Lake Zurich (Fig. 3) switched from positive (Fig. 1C) to negative (Fig. 1D ) over a time period in which species richness more than doubled (from ;70 to 170; Fig. 2A ). This result is similar to a recent analysis of zooplankton diversity in 36 North American lakes that revealed a similar hump- Notes: The units of the breakpoint models are the same as the dependent variable (either years or number of species). The coefficients (b) refer to the slope of the line for linear models (b 1 ), the slopes before (b 1 ) and after (b 2 ) the breakpoint for the breakpoint models, and to the regression coefficients from the quadratic models (of the form
. AIC is the Akaike information criterion.
Best-supported model.
shaped relationship between turnover and richness ). Shurin et al. (2007) found that the annual turnover of zooplankton communities peaked (z a ; 0.3-0.4) in temperate lakes with an intermediate level of species richness (approximately 9-12 species), but was lower in both high latitude lakes with low diversity and in temperate lakes with high diversity. In comparison to annual turnover (z), interannual turnover (z inter ) can reveal variation in the phenology of species replacement through time, assuming a fixed sampling frequency. Our analysis of interannual patterns reveals two differences from the results of Shurin et al. (2007) . First, we found that the rates of interannual turnover were always greater than rates of annual turnover (Fig. 3, Appendix A) . In our study, this is consistent with the observation of long-term shifts in the species composition of phytoplankton in Lake Zurich (Anneville et al. 2004 ) that has likely occurred in response to changing environmental conditions (Pomati et al. 2011) . Such a pattern would not be expected in lakes that have strong seasonality in terms of their species composition and richness relative to their longterm trends. Second, we found that z inter was strongly negatively related to average monthly richness (Appendix A), whereas Shurin et al. (2007) found a humpshaped relationship between z inter and richness. However, this pattern is difficult to compare directly, because Shurin et al. (2007) calculated z inter from a single STR for each lake (sequentially along the entire time series), whereas we calculated z inter for each month in a single lake. Nevertheless, these two studies, along with others (White et al. 2006) , provide strong evidence that richness and turnover are often correlated, but that their form may vary across spatial, temporal, and environmental scales. Reversals in the relationship between annual turnover and richness (Fig. 3) could result from changes in the stabilizing effects of diversity on species turnover through time (Shurin 2007) , or from changes in the interaction between environmental variability, diversity, and turnover (Ives and Carpenter 2007) . High diversity can stabilize species composition (i.e., reduce turnover) either by directly reducing colonization rates, for example by repelling invasions of new species from the regional to the local pool, or by reducing extinction rates in local or regional species pools (Shurin 2007) . If high diversity is also associated with weak interactions among species then population variability may decrease and lower the probability of stochastic extinction (Doak et al. 1998 , McCann 2000 . Such reasoning can partly explain the observed changes in turnover through time, but it does not address how long-term changes in the mean and variability of environmental conditions might affect the relationship between species richness and turnover (Ernest et al. 2008 , Shurin et al. 2010 , Allan et al. 2011 . If diversity and stability are subject to the same environmental drivers then they may co-vary positively or negatively without being mechanistically linked (Ives and Carpenter 2007) .
Environmental variability, annual turnover, and richness in Lake Zurich
Our SEMs provide the strongest support for our third hypothesis ( Fig. 4; H 3 ) , namely that variation in annual turnover is best explained by both direct and indirect associations between environmental variation and richness. The indirect pathways leading from environmental variables to annual turnover through richness were both positive and negative. This is consistent with the idea that variability in the environment can indirectly affect annual turnover either by promoting or eroding diversity (Shurin et al. 2010 ). On one hand, increased environmental variability can promote diversity and increase rates of annual turnover (Fig. 1C) , provided that species vary in their fitness in relation to the contrasting environmental conditions experienced over FIG. 3 . Change in annual turnover (z) in relation to (A) the average annual alpha richness (S alpha ) and (B) the annual gamma richness (S gamma ). Coefficients of the quadratic functions are found in Table 1 . Open circles denote years where the rate was not significantly different from randomized assembly sequences in which months were shuffled within each year.
FIG. 4. (A)
A simplified schematic of the structural equation models for the three different hypotheses about the relationships between annual turnover, richness, and environmental conditions. (B) The best-fitting structural equation models, without sampling year in the analysis, for each hypothesis shown in panel A. The asterisks denote the P values for the models, based on Bayesian information criterion (BIC; Table 2 ). The weights of the arrows are proportional to the size of the coefficients. Only significant coefficients were included in the final model. (C) The best-fitting structural equation models, with sampling year in the analysis, for each hypothesis shown in panel A. Models depicting hypotheses 2 and 3 converge on the same final model and have identical statistical support. Sampling year (time) was included in the model as a latent variable leading from it to all other variables in the model (not depicted in panel A for clarity). Numbers next to the arrows in panels B and C are coefficients of the structural equation model. Abbreviations are: Env avg , an average environmental condition; Env CV , the coefficient of variation of an environmental condition; L avg , the average index of light attenuation; P avg , the average phosphate concentration; T avg , the average water temperature; N avg , the average nitrate concentration; C CV , the coefficient of variation of conductivity. * P 0.05; ** P 0.01; *** P 0.001. the time period. For example, environmental variation might prolong beyond ecologically relevant timescales the deterministic outcomes of competitive exclusion, either by varying the density-independent rates of mortality or the rank order of competitive abilities among community members. Alternatively, environmental variation can promote coexistence by allowing species to partition their use of resources through time, for example via storage effects (Chesson and Warner 1981, Hairston and Ellner 1996) . On the other hand, environmental variability can create conditions that exceed the tolerances of species to persist in the environment (i.e., conditions exceed the fundamental niche requirements of species), leading to an erosion of diversity along with an increase in annual turnover (follow curves from top to bottom in: Fig. 1D ). In Lake Zurich, it seems that environmental variation is having both direct and indirect effects on annual turnover, but more research is need to identify which aspects of environmental variation are important for understanding changes in the mechanisms of species coexistence in phytoplankton communities (Mayfield and Levine 2010) . The environmental conditions of Lake Zurich have changed dramatically over the past three decades (Pomati et al. 2011) , and this might partly explain the reversal in the relationship between phytoplankton FIG. 5. Examples of annual species-time relationships for years where species richness is (A) is only lower than or (B) both lower and higher than expected for a given time interval based on the null model. Open circles indicate significant departures from the null distribution for each month interval, and the gray bars indicate 95% of the null distribution. (C) The proportion of years in the entire data set where there is a significant departure from the null distribution for each monthly interval. These lines are truncated at 1-and 12-month intervals because there is no variance generated by the null model randomization for these intervals. diversity and annual turnover. Lake Zurich has undergone a long period of re-oligotrophication, such that levels of phosphorus (P) have fallen from around 80 to 20 lg P/L concurrently with a significant decrease in annual P variability through time and an increase in variability over depth (Pomati et al. 2011) . Over the same time period, mean water column temperature increased by about 0.58C, but this warming has had only marginal effects on annual variability of temperature over the water column. Our pattern of high phytoplankton species richness at low phosphorus levels is opposite to the findings of two recent large scale spatial of surveys of phytoplankton diversity, both of which found positive relationships between total phosphorus (TP) levels and species richness (Ptacnik et al. 2008 , Stomp et al. 2011 . However, our observations of negative associations between phosphorus levels and annual turnover are in agreement with the observation that lakes with higher phosphorus have greater rates of compositional turnover (Ptacnik et al. 2008) . We need many more of such comparisons across studies in order to reach an integrated perspective on species-time and species-area relationships in phytoplankton communities (White et al. 2010 , Scheiner et al. 2011 .
Our results also indicate that annual turnover is directly influenced by long-term changes in both the mean and variability of environmental conditions. A recent meta-analysis of zooplankton reached a similar conclusion, namely that long-term changes in both the average and variability of environmental conditions in lakes can influence levels of species richness (Shurin et al. 2010 ). Shurin and colleagues found that temperature variation promoted species richness, whereas chemical variability excluded species, implying that increasingly variable climatic conditions might have implications for biodiversity. In Lake Zurich, we found no evidence for effects of changing environmental variability on species richness, but did find a positive association between chemical variability (i.e., conductivity) and annual turnover. Changes in the variability of conductivity over the season could indicate changes in patterns of thermal stratification, or in how the lake is coupled with exchangeable cations in the surrounding catchment. It is still an open question how changes in the mean and variability of chemical and thermal conditions in lakes can affect biodiversity dynamics (Jeziorski et al. 2008 , Shurin et al. 2010 ).
Community assembly: comparing observed to random sequences
The observed assembly sequences produced speciestime relationships that differed strongly from those generated from our randomized assembly sequences (Fig. 5, Appendix B) . In studies of species-area relationships such randomizations are analogous to generating ''random landscapes'' to compare with parameters from species-area curves (Coleman 1981 , Carey et al. 2006 ). Here we used two contrasting null models to the detect the temporal scales over which the observed and random patterns of community assembly differed (Fig. 5) . Comparing the observed STRs to STRs generated from different null models revealed a qualitatively similar pattern, namely that observed richness at small time intervals in the STR was significantly lower than expected (Fig. 5, Appendix B) . This illustrates that the nonrandom patterns of species occurrences through time can affect the shape of the STR, as has been observed in other studies (White and Gilchrist 2007) .
The deviations between the observed and randomized STRs notably increased when we used a null model that broke apart interspecific associations. Our simplest null model, that randomized the sampling dates within a year (e.g., Fig. 5 ), randomized annual phenology of different communities, but did not change the phenology of species' co-occurrences. By comparison, randomizing species co-occurrence patterns, along with some constraints (i.e., by using SIM 8), led to STRs with higher levels of species richness at low month intervals than in the observed STRs. This suggests that the shape of the observed STRs is strongly influenced by underlying processes that govern the nonrandom patterns of species occurrences. White and Gilchrist (2007) came to a similar conclusion by analyzing how contrasting null models of population-level processes affect STRs of plants in the Chihuahuan Desert. In particular, they emphasize the intimate connections between STRs and levels of aggregation, autocorrelation, and interspecific association (White and Gilchrist 2007) . We used a similar approach as White and Gilchrist (2007) to measure the level of autocorrelation, and found a negative relationship between annual turnover the proportion of the species in the community that show significant autocorrelation (Appendix C). This is an admittedly coarse way to link the rich variation of autocorrelation patterns among species with measures of annual turnover, but it does suggest a connection between the identity and phenology of species and the observed rates of annual turnover. We were unable to find a similar relationship between annual turnover and the extent of interspecific temporal aggregation within each year (measured by the V-ratio), even though such aggregation was significant in nearly all of the sampling years (Appendix D).
There are numerous examples of nonrandom assembly sequences in ecological communities, including classical descriptions of seasonality (Sommer et al. 1986) , directional species-sorting in response to changing environmental conditions (Leibold et al. 1997) , and cyclic assembly trajectories oscillating between multiple groups of species (Steiner and Leibold 2004) . Such nonrandom assembly sequences would likely change the shape of STRs, and often increase the rate of species turnover relative to randomizations of the same assembly sequence. For example, observed z will typically be greater than expected z if changes in diversity through time are sustained for a long enough period to be included in multiple time intervals of the STR. Slower than expected rates can also occur, for example, if there are multiple short bursts (e.g., 1-2 months) of high diversity throughout the year that are surrounded by periods of low species diversity. These patterns would lead to unexpectedly slow rates because they elevate the average species richness for multiple intervals in the randomized sequences, but affect fewer intervals in the observed sequence. In natural populations, such variation in the rate of species accumulation over the year could result from the temporal grain of environmental heterogeneity in lakes, as has been argued previously for species-area relationship (McGlinn and Palmer 2011) . Previous research on phytoplankton community assembly in lakes has described several phases of the year that are dominated by different functional groups of species (Sommer et al. 1986 , Anneville et al. 2004 . We propose that quantifying the rates of species turnover could reveal how time scales of community assembly differ among lakes with different phenologies and species assemblages (Ptacnik et al. 2008) .
Future directions
The diversity of phytoplankton communities in lakes has inspired some of the most fundamental questions about the maintenance of species diversity (Hutchinson 1961) . Here, we have examined the relationship between diversity and turnover in a single community over decades of changing environmental conditions, and have revealed patterns that are complementary to previous large scale spatial surveys of plankton diversity , Ptacnik et al. 2008 . Admittedly, however, such comparative studies (ours included) often use relatively coarse environmental metrics compared to the known complexities about how niche differentiation among phytoplankton species can influence coexistence (Tilman et al. 1982 , Huisman et al. 1999 , Stomp et al. 2004 . Furthermore, we have little information about how diversity and turnover might change in response to long-term trends in the size and composition of the regional species pool or in the rates of migration within metacommunities of lakes. Nevertheless, our analyses reveal strong associations between diversity, annual turnover and environmental change and identify temporal scales over which the observed community assembly differs from random patterns. These are two critical steps toward explaining how niche differences among species can explain the temporal and spatial patterns of community assembly of phytoplankton communities in lakes.
